Building integrated photovoltaics (BIPVs) are photovoltaic materials that replace conventional building materials in parts of the building envelopes, such as roofs or facades, i.e. the BIPV system serves dual purposes, as both a building envelope material and a power generator. Hence, it is important to focus on the building envelope properties of a BIPV system in addition to energy generation performance when conducting experimental investigations of BIPVs. The aim of this work was to illustrate challenges linked to the building envelope properties of a BIPV system, and to develop and evaluate relevant methods for testing the building envelope properties of BIPV systems.
Introduction
Globally, there is an ever increasing demand and focus on renewable and non-polluting energy sources. Meanwhile, the world is consuming fossil fuel resources at an alarming rate. With emissions of 10.9 gigatonnes of carbon dioxide equivalents (GtCO 2 e) per year in 2005, the power industry is responsible for 24 % of global Greenhouse Gas (GHG) emissions, and this is expected to increase to 18.7 GtCO 2 e per year in 2030 (McKinsey 2009) . "Carbon dioxide equivalent is the unit for emissions that, for a given mixture and amount of greenhouse gas, represents the amount of CO 2 that would have the same global warming potential (GWP) when measured over a specified timescale (generally, 100 years)" (McKinsey 2009 ).
Within this context, zero energy and zero emission buildings are rapidly drawing attention, and in order to become a zero energy or zero emission building, the building will normally need to harvest energy from its surroundings. Energy from the sun is one of the obvious choices, and of all the renewable energy sources currently available, it is the most abundant, inexhaustible and clean one (Peng et al. 2011) . In one day, the irradiation from the sun on the earth gives about 10 000 times more energy than the daily use of mankind (Swiss BiPV Competence Centre 2010).
Photovoltaics (PV) may produce electricity on site, directly from the sun, without any concern for energy supply or environmental harm (Strong 2011) . Building integrated photovoltaic (BIPV) systems replace parts of the conventional building materials in the building's climate envelope, such as the roof covering and facades. To be classified as a BIPV system, the system must be considered as a functional part of the building structure, or it must be architecturally integrated into the building's design (Peng et al. 2011) . Hence, the BIPV system serves as a building envelope material and power generator simultaneously (Strong 2011) . That is, the BIPV system must fulfil the requirements of both the building envelope material and construction, and the PV solar cells. For a state-of-the-art review and future research opportunities within various aspects of BIPVs it is referred to the studies by , Jelle and Breivik (2012a) and Jelle and Breivik (2012b) . Investigations of various cost aspects like life cycle cost (LCC), embodied energy and energy payback times for BIPVs have been carried out by Chel et al. (2009), Eiffert and Kiss (2000) , Eiffert (2003) and Hammond et al. (2012) . Furthermore, a comprehensive study for enhancing the performance of BIPVs has been performed by Norton et al. (2011) . In general, accelerated climate ageing of building materials, components and structures, may readily be carried out in the laboratory, where new materials and products like e.g. various BIPV systems may be of special interest and importance (Jelle 2012 ).
Wind-driven rain is one of the most important moisture sources affecting the hygrothermal performance and the durability of building facades and roofs (Blocken and Carmeliet 2004 , Blocken and Carmeliet 2012 , Eldridge 1976 . A BIPV module replacing the roof covering has to be rain proof above all. Infiltration of water in discontinuous roof coverings may principally depend on factors such as the roof slope, the external wind pressure creating a pressure gradient between the inside and the outside of the building, the quantity of streaming water, the joint dimensions, the surface tension between the water and the fixings, the quantity and nature of dirt present, etc. (Fasana and Nelva 2011) .
Different methodologies for evaluation of rain tightness of discontinuous roofing systems have been tested in the world. E.g. at the French Technical Center for Tiles and Bricks (CTTB) where an open sloping wind tunnel that exposed a test specimen to grazing wind, streaming water, and an applied differential air pressure between the outside and the inside of the roof was experimented (Fasana and Nelva 2011) . In England a large closed wind tunnel has been built where the roof specimen is placed in the centre of the section of the horizontal wind tunnel (Fasana and Nelva 2011, Hazelwood 1979) .
Regarding BIPV systems, some climate testings, both outdoor and indoor, have been undertaken, by e.g. Bloem (2008) , Mani et al. (2009) and Mei et al. (2009) , whereas mechanical testing has been carried out by e.g. Jol et al. (2009) . Basic studies on irradiance and energy output, including temperature and generation performance, of PV/BIPV systems and modules have been performed (Carr and Pryor 2004 , Celik 2003 , Chenni et al. 2007 , Mattei et al. 2006 , Smiley 2001 . Many BIPV manufacturers state that their products contain innovative rain tightness systems for extreme conditions. However, in total, very few experimental tests, including at controlled laboratory conditions, of rain tightness of BIPV systems have been conducted and reported in the available literature.
Based on this background, the main objective of this work was to investigate the rain tightness of a specific BIPV module product integrated in a roof construction, and evaluate how it withstood precipitation in form of wind-driven rain at large-scale conditions, using a turnable box for rain and wind tightness testing of sloping building surfaces. The second objective was to develop and evaluate relevant methods for testing BIPV systems regarding their building envelope properties. The experimental set-up enabled a controlled test environment. Rain tightness of various BIPV modules must however be specified according to the water tightness of the underroof, and its drainage and drying-out capability.
Experimental

Sample materials and components
A sample roof area with dimensions 2.75 m x 2.75 m was built on a wooden frame using a transparent polycarbonate (Lexan) board as wind barrier, and with double furring strips (23 mm x 36 mm vertically and 36 mm x 48 mm horizontally on top) as shown in fig. 1 (left) . Two DuPont Gevity -165M BIPV modules, with dimensions as presented in table 1, were mounted together (side by side) onto the furring strips using the adaptable flashing system which allows flashing between the modules as depicted in fig. 2 . The limited size of the apparatus, although a large-scale apparatus, made it impossible to mount more than two BIPV modules together onto the sample roof. The BIPV modules were then surrounded by tailor-made steel fittings from DuPont as shown in fig. 1 (right). A 0.5 mm thick cold-rolled steel plate roofing (Isola Powertekk tile) was installed around the BIPV panels using 4.5 mm x 70 mm wood screws (Isola 2012) . A heavy-duty siliconised paper (DuPont FlexWrap NF) was used as a seal between the steel roofing and the tailor-made DuPont steel fittings (DuPont 2008) . The completed BIPV roof area is shown in fig. 3 .
The specific BIPV system for these experimental investigations was chosen among many other BIPV systems as presented by . A BIPV module product (DuPont Gevity) was chosen, which in fact has one of the highest solar cell efficiencies (17.7 %) reported in the state-of-the-art review by , only maybe surpassed by the C21 tile and slate from Solar Century of 20 % per cell, and the solar glazing system from Sapa Building System of 22 % per cell, where the efficiency naturally will be lower for a whole tile, module or glazing area product. A high solar cell efficiency is of course important in order to harvest as much solar energy as possible within a given area, and thereby be able to fulfil the requirements of e.g. zero energy and zero emission buildings. 
Test method
The experimental testing was conducted in a large-scale turnable box for rain and wind tightness testing of sloping building surfaces (RAWI box) as depicted to the left in fig. 4 . The RAWI box allows stepless variable inclination, controlled differential air pressure across the test specimen, running runoff water at the top of the test area, and spraying of wind-driven rain across the test area from a horizontal boom (row) (fig. 5, right) which moves back and forth (up and down) along the sample 0.6 m above the exterior roof surface. The sample roof was installed in the RAWI box as shown in fig. 4 Run-off water without wind pressure.
Run-off water and wind-driven rain with pulsating positive differential pressure (overpressure) over the wind barrier.
Run-off water and wind-driven rain with pulsating positive differential pressure (overpressure) over the BIPV modules integrated with a steel plate roofing. 
Test phase 1 -Run-off water without wind pressure
During test phase 1 the BIPV sample roof was only exposed to run-off water without wind pressure or wind-driven rain. This was conducted at two different inclinations (30 and 15 degrees) for 10 minutes each (table 3) . The run-off water was applied through a row of tubes situated just above the top of the sample, at a rate of 1.7 dm 3 /(m min) (Pedersen et al. 2008) . During test phase 1 the BIPV sample roof was constantly and carefully visually monitored from below through the transparent wind barrier (fig. 4, left) with the purpose of observing any possible water leaks. After test phase 1 was completed, the sample roof was taken out of the RAWI box and thoroughly dried with a fan heater, as shown to the left in fig. 5 . 
2.2.2.
Test phase 2 -Run-off water and wind-driven rain with pulsating positive differential pressure over the wind barrier During test phase 2 the BIPV sample roof was exposed to run-off water from the row of tubes situated just above the top of the sample, as in test phase 1. In addition, water was blown onto the sample, i.e. to simulate wind-driven rain, by means of air tubes with pulsating air velocities depicted in fig. 5 (right). The air tubes were mounted to a horizontal boom ( fig. 5 , right) 0.6 m above the sample. The boom moved back and forth (up and down) along the surface of the sample at a velocity of 0.2 m/sec. Thus allowing the entire sample to be exposed to wind-driven rain at a rate of 0.3 dm 3 /(m 2 min) (Pedersen et al. 2008 , Pedersen et al. 2009 ). During test phase 2 both the velocity of pulsating air from the tubes and the pulsating positive pressure (overpressure) inside the RAWI box was increased with increments each 10 minutes (table 4) . The transparent Lexan wind barrier board was continuous during test phase 2, thus almost absolutely airtight. Hence, the pulsating positive differential pressure occurred over the wind barrier. The BIPV sample roof was taken out of the RAWI box and thoroughly dried again after test stage 2.7 (table 4) was finished, before altering the inclination from 30 to 15 degrees at test stage 2.8. During each test stage of test phase 2 the BIPV sample roof was constantly and carefully visually monitored from below through the transparent wind barrier with the purpose of observing and recording possible water leaks, and when they occurred. The sample roof was taken out of the RAWI box and thoroughly dried again after test phase 2 was completed.
2.2.3.
Test phase 3 -Run-off water and wind-driven rain with pulsating positive differential pressure over the BIPV modules integrated with a steel plate roofing In order to carry out test phase 3 the wind barrier had to be punctured. Hence, before test phase 3 was started, a hole (37 cm x 43 cm) was cut in the Lexan wind barrier board with the purpose of creating an extra strain with the pulsating positive differential pressure occurring over the BIPV modules integrated with a steel plate roofing. However, the desired differential pressures (as obtained in test phase 2) could not be obtained inside the RAWI box due to the relatively air open steel plate roofing. The hole was sealed, and a smaller hole (7 cm x 43 cm) was made, but as the differential pressure inside the RAWI box was still unable to reach the desired levels, phase 3 was terminated.
Results and discussion
In test phase 1 no leakages were recorded throughout the BIPV sample roof at any of the different inclination levels, as table 3 shows. fig. 6 and fig. 7 , and the mentioned droplets of water are depicted to the left in fig. 7 . This development continued throughout test stages 2.2-2.7 (see table 4 ). Wind-driven droplets of water kept occurring on the wind barrier in the mentioned area, but the wind barrier did not get any wetter throughout the final test stages of differential pressure at this inclination (30 degrees) than depicted in fig. 7 (left). However, at test stage 2.7, small droplets of water ( fig. 7 , right) occurred on the inside face of the steel plate roofing between the tailor-made steel fitting and the steel plate roofing, which is marked with a small red ellipse in both fig. 6 and fig. 7 . After the BIPV sample roof was dried, test phase 2 continued with test stage 2.8, and the inclination was altered to 15 degrees. At test stage 2.8, scattered droplets of water occurred at the same location (on the wind barrier underneath the transition between the BIPV module and the tailor-made steel fitting, as marked with a large yellow ellipse in both fig. 6 and fig. 7) , and in the same pattern as in the earlier test stages of this test phase ( fig. 7, left) . This development continued throughout test stages 2.8-2.14, but the wind barrier did not get any wetter altogether than it did in test stages 2.2-2.7 ( fig. 7 , left). At test stage 2.11 similar small droplets as the ones depicted to the right in fig. 7 occurred at the same location (between the tailor-made steel fitting and the steel plate roofing, as marked with a small red ellipse in fig. 6 and fig. 7 ). This occurrence of water did not grow throughout test stages 2.11-2.14. No other leakages than those mentioned earlier, were observed during the test phases. During test phase 2 water droplets occurred on the wind barrier at a lower level of pulsating differential pressure (0-100 Pa) when the sample roof had an inclination of 15 degrees, compared to the level of pulsating differential pressure (0-200 Pa) the droplets occurred at when the sample roof had an inclination of 30 degrees. This is a result of slower run-off and larger accumulation of water on the sample roof surface due to smaller inclination. Hence, roofs with low inclination are more vulnerable to water penetration than roofs with high inclination.
Before test phase 3 started a hole was cut in the Lexan wind barrier board with the purpose of creating an extra strain with the pressure occurring over the BIPV modules integrated with the steel plate roofing. This corresponds to an extreme situation with BIPV modules mounted onto a non-insulated roof, e.g. a garage roof without any wind barrier or underroof beneath. But, as earlier mentioned, the differential pressure levels which the test required could not be obtained inside the RAWI box due to the relatively air open steel plate roofing. Thus test phase 3 was terminated without results.
The differential pressures occurring over the BIPV sample roof in these laboratory investigations translates to the wind forces shown in table 5. In these laboratory investigations the PV cells used in the BIPV modules were monocrystalline, thus it is very important to achieve a sufficient ventilation rate, as the solar cell efficiency is normally reduced with increasing temperature (Jelle and Breivik 2012a , Jelle and Breivik 2012b , Wei et al. 2011 . As depicted in fig. 8 the DuPont Gevity BIPV modules and the surrounding tailor-made steel fittings are constructed to obtain sufficient ventilation rates. The scattered water droplets which occurred on the wind barrier during testing ( fig. 7 , left) was transported with the airflow through the openings made in the tailor-made steel fittings for ventilation, as illustrated with blue arrows in fig. 8 . In order to prevent water penetration, the steel fittings surrounding the BIPV modules should ideally be better adapted to the BIPV modules, and the ventilation gaps should be constricted to some extent. This will, however, cause the ventilation rate to suffer, thus the degree of constriction must be evaluated in order to keep an acceptable ventilation rate. Moreover, the need for ventilation through these fittings depends on the roof construction beneath the BIPV modules, i.e. if the roof construction is well ventilated with an air gap between the underroof and the roofing, additional ventilation through these fittings (as illustrated with blue arrows in fig. 8 ) may not be necessary. Hence, if BIPV modules like the ones in question are mounted onto a roof construction with a well ventilated underroof, one can constrict the surrounding steel fittings to a greater extent, and obtain better rain tightness, without consideration for blocking the ventilation through these fittings.
The testing has demonstrated that the sample roof with the BIPV module system withstood the heavy wind-driven precipitation sufficiently. No leakages were detected in connection with the splices.
Nevertheless, different other leakage points were detected. A small quantity of penetrating water, such as detected during this investigation, will unlikely cause moisture problems for an adequately constructed and ventilated underroof (with an air gap between the underroof and the roofing). Thus, these leakages were not critical in terms of causing moisture problems for the roof construction, nevertheless they are still unwanted. However, if more severe leakages should occur, the waterresistance of the materials and the water tightness, drainage and drying-out capability of the underroof in question, determine whether it will lead to moisture problems in the roof construction or not.
In further studies, ideally four BIPV modules should be mounted together with the objective of testing both the vertical and the horizontal joint splices. This however, would require a rather large large-scale apparatus.
BIPVs are replacing part of the building envelope and hence have to fulfil requirements for various building physical properties (e.g. rain tightness, often wind tightness, heat and moisture transport, etc.) in addition to the solar cell properties (e.g. solar cell efficiency, open circuit voltage, short circuit electrical current, maximum power point, fill factor, quantum yield, etc.). Naturally, a long-term durability is desired for both PV and BIPV systems. As an example, if a BIPV system is water vapour tight (the PV area itself is vapour tight) -e.g. like a vapour barrier -then measures have to be taken in order to ensure no water vapour condensation or accumulation behind a vapour tight barrier. Shortly spoken, a PV only has to fulfil the requirements for the solar cell properties, while a BIPV in addition has to fulfil all the requirements for the building physical aspects for the actual building envelope part it is replacing.
In general, humidity and moisture may be or become an issue with regard to e.g. the drying-out capability of a building envelope incorporating a BIPV system, with respect to (a) the moisture diffusion transport driven by moisture pressure (or concentration) differences between the exterior and the interior climate (typical from the warm and moisture-rich interior towards the cold and less moisture-rich exterior), (b) any air leakages (also carrying moisture), and (c) any water penetrations e.g. from the ground, precipitation and wind-driven rain (roofs and walls). These and similar issues are dealt with by considering the building physics of a building, e.g. by performing the adequate building physics calculations, involving knowledge about both material properties and transport processes.
Conclusions
In this study a sample roof with two BIPV modules went through large-scale testing with run-off water and wind-driven rain with incremental pulsating differential overpressure over the sample at two different inclinations (15 and 30 degrees). The BIPV sample roof was constructed as a real roof would have been constructed, with steel plate roofing, double furring strips and an airtight wind barrier beneath. The aim of this work was to illustrate challenges linked to the building envelope properties of a BIPV system, and to develop and evaluate relevant methods for testing the building envelope properties of BIPV systems. Hence, the purpose of these experimental investigations was to imitate real climate conditions, where a roof experiences pressure differences primarily over the wind barrier.
The laboratory investigations proved that the sample roof with the BIPV module system withstood the heavy wind-driven precipitation sufficiently. No leakages were detected in connection with the splices. Nevertheless, different other leakage points were detected, and although not influential, leakages are still unwanted. Depending on the water tightness of the underroof, small leakages like the ones detected in these laboratory investigations would unlikely lead to any moisture problems as long as the roof construction is adequately constructed and ventilated, i.e. with an underroof of sufficient water tightness and water-resistant materials, and with drainage and drying-out capability. In order to prevent such water penetration, the tailor-made steel fittings surrounding the BIPV modules, which are made to allow a sufficient ventilation rate, should ideally be better adapted to the BIPV modules, and the ventilation gap constricted to some extent. However, the degree of constriction must be evaluated to keep an acceptable ventilation rate in order not to reduce the solar cell efficiency. The need for ventilation through these fittings depends on how well the roof construction beneath the BIPV modules is ventilated, i.e. additional ventilation through these fittings may not be necessary to obtain a sufficient ventilation rate if the roof construction is ventilated with an air gap between the underroof and the roofing. Hence, if BIPV modules are mounted onto a roof construction with a well ventilated underroof, one can, without consideration for blocking the ventilation through these fittings, constrict the surrounding steel fittings, and thus obtain enhanced rain tightness. In addition, this work demonstrates a suitable rain tightness test method for BIPV systems. 
